[1] The simulated retrieval performance of a submillimeter wave limb sounder was compared with that of an up-looking instrument with identical observation frequency bands and comparable noise temperature. The frequency bands were 624.32-626.32 and 649.12-650.32 GHz, and the retrieval simulations focused on the key trace gas species O 3 , HCl, and ClO. As expected, the limb geometry leads to a better altitude resolution and larger measurement altitude range. The same retrieval setup was applied to measured spectra, taken by the up-looking Airborne Submillimeter Radiometer (ASUR) instrument on 4 September 2002 at 19.11°E, 71.90°N and on 19 September 2002 at 44.10°E, 4.10°S. The observed structures in the fit residual near the HCl spectral lines at 625.9 GHz lead to the conclusion that the pressure shift parameter of HCl is likely to be higher than the value in the HITRAN spectroscopic database. Depending on the assumed temperature dependence of the shift, the HCl pressure shift value consistent with the ASUR data is 0.090-0.117 MHz/hPa instead of the 0.030 MHz/hPa reported in HITRAN. This result is in good agreement with very recent independent laboratory work which suggests a value of 0.110 MHz/hPa for the shift. 
Introduction
[2] Satellite-based millimeter wave limb sounding is a well established technique for the observation of atmospheric trace gases such as ozone, water vapor, chlorine compounds, and many others. Two successful instruments of this type were the Microwave Limb Sounder (MLS) [Barath et al., 1993] and the Millimeter-wave Atmospheric Sounder (MAS) [Hartmann et al., 1996] . Recently, instruments have moved toward higher frequencies into the submillimeter wave spectral range, an example of this type of instrument is Odin-SMR [Murtagh et al., 2002] .
[3] The Superconducting Submillimeter-Wave Limb Emission Sounder (SMILES) [Masuko et al., 2002] is an instrument concept designed to measure with exceptionally low noise stratospheric trace gases that have only weak spectroscopic signatures. Its unique feature is a superconductor-insulator-superconductor (SIS) mixer, a device that has so far not been operated in space since it works only if cooled down to 4.5 K. The first SMILEStype instrument will be JEM/SMILES. It is planned to operate on the exposed facility of the Japanese Experiment Module (JEM) of the International Space Station (ISS) from the year 2008. Its bands have been selected to allow the measurement of various trace gases that are important for the understanding of stratospheric ozone chemistry, notably ozone itself including its isotopes, and several chlorine compounds. This paper focuses on the species O 3 , HCl, and ClO, since they are regarded as standard products of JEM/SMILES, and they can be easily detected by an airborne instrument.
[4] The Airborne Submillimeter Radiometer (ASUR) is an aircraftborne submillimeter sensor used for studying stratospheric trace gases. Since its development in 1991 by the University of Bremen, ASUR has contributed to all major European Arctic ozone campaigns (EASOE, SESAME I+III, THESEO, THESEO-2000/ SOLVE, EUPLEX) as well as to several satellite validation experiments (MLS, GOME, ILAS, SAGE III, SCIAMACHY). In 2002 ASUR participated in the LEONID-MAC campaign on board the NASA DC-8 to study changes of mesospheric composition during the passage of the Earth through comet dust trails. For detailed information see Crewell et al. [1994] , de Valk et al. [1997] , Sugita et al. [2002] , Fahey et al. [2001] , Bremer et al. [2002] , von König et al. [2002] , and Kleinböhl et al. [2003] . The discussed species O 3 , HCl, and ClO are standard products of ASUR.
[5] The ASUR instrument looks upward, under a constant zenith angle of 78°and can be tuned over a wide frequency range from 604 GHz to 662 GHz. For the present study it was tuned to observe the planned JEM/ SMILES bands. Some technical details of both instruments are summarized in Table 1 . Like the planned SMILES, ASUR also features a state of the art SIS mixer. The cooling for the ASUR mixer is achieved by a cryostat with liquid helium, whereas for the space instrument SMILES it is achieved by a three-stage mechanical cooler, using helium in a closed cycle.
[6] The aim of this study is to confirm that the spectroscopic properties of the atmosphere in the designated SMILES bands are correctly represented by state of the art radiative transfer models, and to confirm the predicted SMILES performance by comparing it to the observed ASUR performance. The aim is not to present an exhaustive discussion of JEM/SMILES retrieval capabilities, for such a discussion see Masuko et al. [2002] .
[7] In order to do this investigation one needs a forward model, in this case a radiative transfer model, and a retrieval model. The forward model used is the Atmospheric Radiative Transfer Simulator ARTS . Spectroscopic data are taken from three different sources: The current versions of HITRAN [Rothman et al., 2003] , JPL [Pickett et al., 1998 ], and MYTRAN Verdes et al., 2005; Demaison et al., 2004] . The latter database has been generated within a study funded by the European Space Agency (ESA), focusing on the planned MASTER instrument. Figure 1 shows simulated spectra for both instruments, the limb-looking satellite sensor and the uplooking aircraft sensor. The inversion software used is Qpack . It uses the Optimal Estimation Method (OEM), also often called '1-D var,' which has been described for example by Rodgers [1976 Rodgers [ , 2000 . The nonlinear version of OEM, with LevenbergMarquardt iteration, was used.
[8] This paper is organized as follows: Section 2 presents some very brief retrieval theory, mainly intended to introduce the necessary terminology. Sections 3.1 and 3.2 present the simulated SMILES and ASUR performances, respectively. Section 4 presents and discusses the observed ASUR performance and the consistency of the observed spectroscopy in the SMILES bands with model predictions. Finally, section 5 presents summary and conclusions.
Retrieval Theory
[9] A retrieval method must be used to extract the desired species concentration profiles from measured or simulated submillimeter wave spectra. For this study the optimal estimation method was chosen, which is described in detail in the well known book of Rodgers The acronyms FWHM and HPBW mean full width at half maximum and half power beam width, respectively. The ASUR system noise temperature value comes from the calibration procedure and depends on the observation frequency.
[2000]. The purpose of this section is not to derive or even describe the optimal estimation method, but just to define the terms used in the subsequent discussion.
[10] In the retrieval context one assumes that the atmospheric state x, in our case the species concentrations, and the measurement y, in our case the spectra, are linked by a function called forward model according to
where b represents input parameters to F that are not retrieved but assumed to be well known, and represents measurement errors. Which of the input parameters to F belong to x and which to b is a matter of choice.
[11] In order to perform a retrieval and a basic error analysis, one needs the Jacobian of F with respect to the state vector x
and the Jacobian of the inverse (retrieval) model I with respect to the measurement y
Another important quantity in the context of retrieval is the averaging kernel matrix A which basically describes how the retrieved state x ret is smoothed relative to the true state x true :
where x ref is some reference state. The rows of A are called averaging kernels.
For an ideal retrieval they should be delta functions with value unity where retrieval altitude matches true altitude and value zero everywhere else. For a real retrieval they will have a peak value less than unity and a finite width. The averaging kernel matrix can be used to define the measurement response R s (i) of species s as the row sum of the averaging kernel matrix, where the sum goes only over those columns that belong to species s:
Here j1 and j2 are start and stop indices of species s in the state vector. The measurement response is useful, because it can be used to define the 'good' retrieval altitude range as the region where the response is close to unity.
[12] Other important retrieval quantities are various covariance matrices, in particular the measurement error covariance matrix S y , the a priori covariance matrix S a , the retrieval measurement error covariance matrix
the retrieval smoothing error covariance matrix
and the total retrieval error covariance matrix In relations (6) and (7) I is the identity matrix, and the superscript T indicates the matrix transpose.
[13] The terms used to assess the retrieval performance are retrieval error, defined as the square root of the diagonal elements of S, retrieval measurement error, defined as the square root of the diagonal elements of S m , and smoothing error, defined as the square root of the diagonal elements of S s . More details on retrieval theory and explanations on these quantities can be found in the work by Rodgers [2000] . A discussion of the application of the optimal estimation method specifically for the case of a submillimeter wave limb sounder can be found in work by Verdes [2002] or Buehler [1999] . Note that S y and S a are input quantities for the retrieval, whereas A, S, S m , and S s are output quantities.
Retrieval Simulations

Simulated SMILES Performance
[14] To make a realistic estimate of the limb sounder performance, several quantities have to be retrieved simultaneously from a simulated limb scan cycle. The retrieval setup is summarized in Table 2 , and Figure 2 shows the assumed atmospheric state, that is, profiles of temperature, O 3 , HCl, and ClO. Other trace gases with weaker spectroscopic signatures, HNO 3 , HO 2 , H 2 O 2 , and BrO were also included in the simulation, but are not shown.
[15] Retrieved was the volume mixing ratio (VMR) in relative units, that is, x = VMR true /VMR reference , and the temperature in absolute units (Kelvin), as described in detail by Verdes et al. [2002] . The reference VMR profiles are the ones shown in Figure 2 . These retrievals were using different bands for different key species: band B for O 3 and HCl, band C for ClO. The retrievals included altitude profiles of two absorption offsets, which are necessary to remove uncertainties due to absorption continua [Kuhn, 2004] . The absorption offset was assumed to vary linearly across the band between these two values, which are at the band edges.
[16] The measurement error covariance matrix S y was assumed to be diagonal, with the square root of the The retrieval grid spacing was chosen to be identical to the tangent altitude spacing of the limb instrument, except for ClO and temperature retrieval.
b The a priori error covariance matrix had an exponentially decaying correlation with 5 km correlation length. diagonal elements set to 0.86 K, which was calculated with the radiometer noise formula
from the assumed system noise temperature T sys of 500 K, the assumed channel bandwidth B of 2.7 MHz, and the assumed integration time t of 0.5 s. The receiver-type dependent factor a was assumed to be 2. This noise figure can be regarded as typical for a single SMILES spectrum.
No off-diagonal elements of S y were introduced in the simulation, which means that it was assumed that the measurement noise is uncorrelated between the different channels. This assumption is not generally true for acousto-optical spectrometers, since they normally do some frequency oversampling. To account for this, the channel bandwidth was taken to be two times the nominal bandwidth, assuming binning of pairs of neighboring channels. For these two-channel bins the noise is uncorrelated. Further assumed was a nondiagonal a priori covariance matrix S a with the square root of the diagonal elements corresponding to an error of 50% and an exponentially decaying correlation between the retrieval layers, with a correlation length of 5 km.
[17] Figure 3 summarizes the result of the retrieval simulation for the three key species O 3 , HCl, and ClO. The left plots of Figure 3 show retrieval error, retrieval measurement error, and smoothing error. The middle plots show averaging kernels and measurement response, and the right plots show the averaging kernel full width at half maximum. One can see from Figure 3 that O 3 retrieval works well at altitudes roughly between 15 and 50 km. The retrieval measurement error is mostly around 5% for the range where the altitude resolution evaluated from the full width at half maximum of the averaging kernels is below approximately 2.5 km. In the same altitude range the smoothing error is around 3%. HCl retrieval also works well roughly between 15 and 50 km. The retrieval measurement error is around 5%, while the smoothing error is larger, varying between 5% and 15%. ClO retrieval works well between 25 and 45 km, but with somewhat higher errors. The retrieval measurement error is between 8% and 15% in the quoted altitude range, while the smoothing error is generally higher. Only in the altitude range of 30-40 km the retrieval measurement error dominates the smoothing error. In the same altitude range the full width at half maximum of the averaging kernels is about 5 km. Note that ClO retrieval performance will be significantly better at low altitudes for an enhanced ClO situation inside the polar vortex.
Simulated ASUR Performance
[18] The performance of the up-looking ASUR instrument for the same spectral bands was simulated with the same setup (see Table 2 ). Only the geometry and the assumed measurement noise were different (see Table 1 ). The viewing angle was 78°, and the measurement noise was set to be 0.08 K, corresponding to an integration time of 60 s. The antenna response is not an issue for uplooking geometry, hence a simple pencil beam was assumed. The continuum retrieval was formally treated in the same way as for the limb sensor. However, for the continuum parameters there is no altitude information in the measurement, so that the retrieval effectively just scales the total absorption of the troposphere. This is reflected in the averaging kernels for the absorption offsets (not shown), which are very wide and flat for ASUR. Temperature retrieval was not considered as little information can be obtained for up-looking geometry. Figure 4 shows the simulated ASUR retrieval performance for O 3 , HCl, and ClO.
[19] A good measurement response for O 3 is achieved at altitudes between 15 km and 45 km. The retrieval measurement error at these altitudes is about 5% or slightly larger, while the smoothing error is much larger, reaching a value of 20% at the edges of the altitude range.
[20] The retrieval performance of HCl is slightly worse. The best performance is achieved between 15 and 40 km. The retrieval measurement error is about 10%. However, the error due to the smoothing effects is larger (25%, in the altitude range where good measurement response is achieved). The averaging kernels are between 5 and 10 km wide at altitudes where a good retrieval performance is achieved (15 -40 km). The ClO profile can be retrieved with an acceptable performance only at altitudes between 30 and 40 km. The retrieval measurement error is about 10% while the smoothing error is larger than 25%. The vertical resolution in the same altitude range, given by the width of the averaging kernels, is about 10 km. Note that, as in the case of SMILES, ClO retrieval performance is significantly better at low altitudes if ClO is enhanced. From other ASUR campaigns ClO profiles have been retrieved down to approximately 18 km.
[21] The main difference between the SMILES and ASUR instrument is that ASUR has a coarser vertical resolution due to the up-looking geometry. This leads to significant smoothing effects, as can be seen from the smoothing error curves in Figure 4 . [23] Individual spectra were integrated to reach a total integration time of 102 s for band B and 490 s for band C. A species retrieval was carried out with these data, using the same setup as for the model simulations. The temperature data were taken from the reanalysis of the National Centers for Environmental Prediction (NCEP), which was obtained from the Distributed Active Archive Center (DAAC) at NASA Goddard Space Flight Center (http://daac.gsfc.nasa.gov/).
ASUR Data
[24] Figure 5 shows a measured spectrum for band B (top plot) as well as the fit residual (bottom plot). This can be used to estimate the instrument noise. To do this, several small frequency regions away from spectral lines were identified, and the mean DT b of the residual and its standard deviation s DT b were calculated. The s DT b is the instrument noise. The results are summarized in Table 3 . They show that the noise is significantly higher than the noise estimated from the Y factor measurement that is part of the calibration procedure. This is believed to be due to the very long integration times used, which emphasize noise sources other than pure radiometric noise. One can also observe that the noise increases toward the band edges, which is believed to be due to the poorer performance of the mixer toward the band edges and the limited passbands of the intermediate frequency chain. Despite these observations, the ASUR measurement is still exceptionally low noise for measurements at these frequencies, and could not be achieved with a conventional mixer. Note that it was the actual noise level observed in the fit residual that was used to derive the measurement error covariance matrix for the retrieval, not the lower Y factor noise level.
[25] A further striking feature of Figure 5 is that the residual shows some structures near the spectral lines, indicating a poor fit. Two possible causes of these structures were investigated, (1) a frequency offset in the measurement, and (2) incorrect spectroscopic data for individual spectral lines. [26] The frequency calibration of the acousto-optical spectrometer (AOS) was done a few times during the flight by using the output of a comb generator as a reference. During the calibration, the relation between the frequency grid and the AOS channel number was determined by a third-order polynomial fit. However, the data may be distorted by a residual frequency calibration error, due to changes in the cabin temperature between the calibrations. To check this, a second-order polynomial frequency offset was added to the list of retrieval parameters, yielding retrieved frequency offset values of up to one AOS channel. As shown by Figure 6 , the residual with retrieved frequency offset is improved, but still shows suspicious features around the HCl lines in band B.
[27] These features cannot be explained by a frequency calibration error of the instrument and must therefore be due to errors in the spectroscopic parameters used. Table 4 shows spectroscopic parameters for the transitions of concern. The center frequencies of the HCl lines are in close agreement in all three databases studied. Also, test retrievals with slightly modified line center frequencies did not improve the residual. However, a substantial improvement was achieved by including the retrieval of the pressure shift parameter for the HCl lines, as demonstrated by Figure 7 . The spectral signature of an error in the pressure shift parameter is quite different from the signature of a general frequency shift, since the former leads to asymmetric line wings far away from the line center while leaving the center in place, whereas the latter shifts the center frequencies but maintains the symmetry of the line wings.
[28] The pressure shift d depends on temperature according to
where d 0 is the pressure shift at the reference temperature T 0 (T 0 = 296 K for HITRAN), T is temperature, and s 0 is the temperature exponent of the shift. Pickett [1980] gives a relationship between s 0 and the temperature exponent n 0 of the air-broadening parameter Here g air is the air-broadening parameter, n air is its temperature dependence coefficient, and d 0 is the pressure shift parameter as defined in (10). The reference temperature T 0 is 296 K. The numbers in parentheses represent the 1 sigma error for the last digits. Both the line catalogues and our analysis assume that pressure-broadening parameters for all three HCl lines are the same. [29] An independent earlier investigation for ASUR by von König [2001] yielded a value of 0.068 ± 0.011 MHz/ hPa retrieved from 44 measured spectra for the same line during the HIMSPEC campaign 1999. That value is somewhat lower than our value with the s 0 = 1.285 temperature exponent, which was also used by von König [2001] . The difference can be explained by the colder temperatures in the lower stratosphere, which were approximately 200 K during the HIMSPEC campaign versus approximately 220 K for the data used in this study.
[30] Furthermore, a prototype of the SMILES receiver was used to measure the HCl pressure shift at room temperature in the laboratory (H. Ozeki, personal communication, 2004) . The result of that measurement, d 0 = 0.0939 ± 0.0025 MHz/hPa, also is in better agreement with our value and the value of Drouin than with the HITRAN value. Since this measurement was taken at room temperature it should be rather independent of the assumed temperature exponent.
[31] Figure . O 3 and HCl were retrieved simultaneously from band B, while ClO was retrieved from band C. Because of lack of independent data it was not attempted to validate these profiles; however, ASUR profiles from other bands have been validated [de Valk et al., 1997; Crewell et al., 1995] .
Summary and Conclusions
[32] The simulated retrieval performance of a submillimeter wave limb sounder was compared with that of an up-looking instrument with identical observation frequency bands and comparable noise temperature. The frequency bands were 624.32 -626.32 GHz and 649.12 -650.32 GHz, the retrieval simulations focused on the key trace gas species O 3 , HCl, and ClO. As expected, the limb geometry leads to a better altitude resolution and larger measurement altitude range.
[33] In a second step, the same retrieval setup was applied to measured spectra, taken by the ASUR instrument on 4 September 2002, at 19.11°E 71.90°N and on 19 September 2002, at 44.10°E 4.10°S. The observed structures in the fit residual near the HCl spectral lines at 625.9 GHz lead to the conclusion that the pressure shift parameter of HCl is likely to be higher than the HITRAN value and closer to the recent measurements reported by Drouin [2003] and von König [2001] . Depending on the assumed temperature dependence of the shift, the HCl pressure shift value consistent with the ASUR data is 0.090 -0.117 MHz/hPa, instead of the 0.030 MHz/hPa reported in HITRAN.
[34] Catalogue values of other spectroscopic parameters in the observed frequency region appear to be consistent with the ASUR spectra. However, it should be noted that not all spectroscopic parameters can be tested with the methodology of this study: Line positions are normally known more precisely than they can be measured with a spectrometer, so that only gross errors in the database, which are sometimes present, would have been detected. Furthermore, biases in line intensities and pressure-broadening parameters of all observed lines of a given species would not show up in the fit residual.
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